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ABSTRACT 


This  report  covers  the  development  and  operation  of  a 
5  X  106  joule,  inductive -storage  power  supply  for  a  hotshot- 
type  wind  tunnel.  A  discussion  of  the  equipment  and  its 
auxiliaries  is  given. 
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NOMENCLATURE 


C  Capacitance  analagous  to  flywheel  and  generator,  farads 

di/ dt  Rate  of  change  of  current 

Ec  Energy  stored  in  inductance  during  charge  cycle 

“F  Temperature,  degrees  Fahrenheit 

G  Generator 

H  Hydrogen 

hp  Horsepower 

I  Current,  amperes 

K  Potassium 

kv  Kilovolt 

L  Inductance,  henries 

mcm  Million  circular  mils  area 

Na  Sodium 

O  Oxygen 

R  Resistance,  ohms 

Ra  Resistance  of  the  arc 

R(,  Equivalent  charge  loop  resistance 

V  Volts 

Vq  Terminal  voltage  of  generator  at  start  of  pulse 

Vt  Terminal  voltage 

/z  Micro 

?■£)  Time  constant  for  discharge  cycle 

4>  Flux  from  field  coils 

n  Ohms 

w  Angular  velocity 
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1.0  INTRODUCTION 


Studies  at  the  University  of  Michigan  (Ref.  1)  indicated  that  in  the 
energy  levels  desired  for  operation  of  a  large  hotshot-type  tunnel*,  an 
inductive  power  supply  wotild  be  more  economical  than  a  capacitive  type. 
Therefore  an  inductive  system  was  developed  as  a  drive  for  the  50 -in. 
Hypervelocity  Tunnel,  Hotshot  2,  of  the  von  Karman  Gas  Dynamics  Facil¬ 
ity  (VKF),  Arnold  Engineering  Development  Center  (AEDC),  Air  Force 
Systems  Command  (AFSC). 

This  5  X  106  joiole,  inductive-storage  power  supply  uses  a  unipolar 
generator  with  flywheels  to  charge  an  air  core  coil  that  is  discharged 
by  an  arc  inside  an  arc  chamber.  At  the  present  time  the  supply  is 
operating  at  two-thirds  energy  level. 

2.0  PRINCIPLE  OF  OPERATION 
250-H.R  UNIPOLAR 


A  circuit  diagram  of  the  inductive  power  supply  for  the  50 -in.  Hyper¬ 
velocity  Tunnel,  as  presently  used**,  is  shown  above.  The  current  flows 
from  the  generator  through  the  charge  loop  switch  S-1  to  the  coil  and 
back  to  the  generator.  This  current  builds  up  from  I  =  0  at  T  =  0  to 
I  =  Imax  at  T  =  Ti  (Fig.  1).  At  the  present  time  the  operating  procedure 
is  to  decrease  the  generator  voltage  during  the  charge  cycle.  This  method 
and  an  alternate  one  are  discussed  in  section  6.  0. 


*  See  Ref.  2  for  information  on  hotshot  tunnels. 

Manuscript  released  by  author  June  1962. 

**  Earlier  configurations  of  the  power  supply  and  history  of  its  develop¬ 
ment  are  described  in  the  Appendix,  p.  19. 
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At  T  =  Ti  the  discharge  loop  switch  S-2  closes,  placing  the  arc 
chamber  in  parallel  with  S-1.  The  generator  current  divides,  and  ap¬ 
proximately  five-percent  current  transfers  to  the  arc  chamber.  S-1  is 
now  opened,  and  the  generator  field  is  opened.  When  S-1  clears  its  arc, 
all  the  current  has  been  transferred  to  the  arc  chamber.  A  copper  fuse 
is  connected  across  the  electrodes  in  the  arc  chamber.  This  fuse  is 
sized  to  carry  the  full  current  for  approximately  ten  milliseconds  before 
blowing  apart.  When  the  fuse  blows,  it  ionizes  the  gas  between  the  elec¬ 
trodes  and  piolls  an  arc.  The  arc  introduces  a  higher  resistance  into  the 
circuit  changing  di/dt.  Since  the  coil  voltage  the  voltage 

rises  to  a  value  sufficient  to  continue  the  current  through  the  arc  (Fig.  2) 
Experimental  data  show  that  the  arc.  resistance  Ra  starts  at  approxi¬ 
mately  0.  01  ohm  and  increases  to  in  excess  of  0.  02  ohm  (Fig.  2).  The 
average  value  is  from  0.  019  to  0.  020  ohm. 


The  decay  of  current  is  practically  linear  over  the  total  time  instead 
of  having  a  normal  exponential  decay  because  the  arc  resistance  is  chang 
ing.  The  decay  of  current  is  essentially  over  in  two  time  constants  in¬ 
stead  of  four. 


_  L  _  340  X  10“6 
'D  "  Ra  '  0.02 


17  milliseconds 


so 


2  =  34  milliseconds 


At  2r  little  energy  remains  in  the  coil,  and  the  arc  extinguishes. 


3.0  THEORY  OF  OPERATION 


The  power  supply  is  analogous  to  a  simple  RLC  circuit.  When  the 
generator  and  flywheel  are  at  rated  speed,  the  stored  energy  E^  is 
contained  in  the  rotating  mass. 

Ec  =  1/2  I  u2 

I  =  Moment  of  inertia 

(j  =  Angular  velocity 

It  was  pointed  out  by  Boyajian  (Ref.  3)  that  a  freely  turning  d-c  motor 
or  generator  with  negligible  internal  inductance  and  a  constant  applied 
field  would  behave  effectively  as  a  condenser.  The  terminal  voltage 
of  such  a  machine  will  be  a  linear  function  of  the  angular  velocity  w. 
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and  the  rotational  kinetic  energy  stored  in  such  a  machine  will  be  pro¬ 
portional  to  the  square  of  u  and  hence  proportional  to  the  square  of  the 
terminal  voltage,  as  in  condenser  storage.  Thus 

Ej,  =  (constant)  x 

where  constant  capacitance  is  equal  to 

C  =  2  Ec/v2 
or 

Ec  =  C  v2/2 


Thus,  a  flywheel -driven  generator  charging  an  inductance  with 
resistance  in  the  circuit  represents  a  familiar  RLC  circuit.  Depend¬ 
ing  on  the  relative  values  of  R,  L,  and  C,  the  system  can  be  over¬ 
damped,  critically  damped,  or  oscillatory.  The  particular  values 
obtained  for  this  sytem  are; 

L  =  340  fih 


Ec 
^o 


4,  6  X  10  '  joules 


Vn  =  70  volts 


This  system  will  operate  close  to  the  critically  damped  condition  up  to 
approximately  40.  8  volts.  Above  this  value  it  becomes  oscillatory. 
The  charge  circuit  can  be  represented  as  follows: 

L 


R 


The  voltage  drops  may  be  written: 

L  di/dt  +  Ri  +  1/C  /  i  dt  =  0 

i  =  Ki  +  K2 

where  - - 

a  =  R/2L  and  b  =-\/r2/4L2  -  1/LC 

Solving  for  the  current  (see  Ref.  4), 


1  = 


C  V 


Vr2  c2  -  4LC 


r(-R/2L  Wr2/4l2  -  1/LC)  t_^(-R/2L-VR2/4L2  -  1/LC)  tj 
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Using  the  previous  expressions,  the  generator  performance  has 
been  calculated  for  Eq  =  4.  6  x  lO'^  joules  and  for  voltages  of  20,  30, 
and  40  volts  (Fig.  3). 


4.0  DESCRIPTION  OF  COMPONENTS 
4.1  UNIPOLAR  GENERATOR 

The  unipolar  generator  drive  unit  is  shown  in  Fig.  4.  The  gen¬ 
erator  (Figs.  5  and  6)  consists  of  a  solid  steel  rotor  turning  within  a 
stator  on  which  are  mounted  annular  field  coils.  A  potential  is  pro¬ 
duced  between  the  two  quarter  points  of  the  rotor,  and  current  is 
extracted  from  the  rotor  circumference  at  two  stator  collector  areas. 
The  surface  of  the  rotor  is  insulated  except  at  the  collector  areas. 

The  running  clearance  is  small,  and  the  current  is  carried  from  the 
rotor  to  the  collector  rings  on  the  stator  by  a  bath  of  liquid  metal. 

The  unipolar  principle  is  not  new  (Ref.  5);  it  was  invented  by  Barlow 
in  1823.  Later  versions  were  developed  by  Faraday  in  1831,  Siemens 
in  1878,  and  Meyer  in  1896.  These  early  versions  of  the  unipolar 
generator  were  hampered  by  low  speed,  low  voltage,  and  poor  effi¬ 
ciency,  approximately  88  to  90  percent.  The  most  important  innova¬ 
tion  made  was  the  use  of  liquid  metal  to  collect  current  from  the  rotor. 

The  liquid  metal  is  an  alloy  of  56 -percent  potassium  and  44-percent 
sodium,  known  as  NaK  (Ref.  6).  It  is  a  silver- colored  metal  whose  spe¬ 
cific  gravity  is  0.8,  and  it  solidifies  at  68®F.  When  NaK  is  exposed  to 
air,  an  oxide  forms  on  its  surface.  Oxide  is  prevented  in  normal  opera¬ 
tion  by  keeping  the  liquid  under  an  inert  (N2)  atmosphere.  The  oxide  is 
a  thick,  grey  substance  resembling  putty.  NaK  reacts  violently  with 
water  according  to  NaK  +  2H2O— NaOH  +  KOH  +  H2  +  heat.  The  heat 
of  reaction  is  usually  sufficient  to  ignite  the  hydrogen  as  it  comes  in 
contact  with  the  oxygen  of  the  air,  and  it  is  this  reaction  which  is  highly 
explosive.  The  hydroxides  occur  as  toxic  white  smoke.  Normal  fire¬ 
fighting  methods  cannot  be  used  on  NaK  fires  because  of  reaction  with 
either  water  or  carbon  tetrachloride.  Best  results  are  obtained  by 
smothering  with  treated  sodium  chloride  powder  called  "Metl-X"  or 
with  powdered  graphite. 

The  NaK  is  continually  circulated  through  the  generator  by  a  pump¬ 
ing  system.  The  original  pumps  were  magnetic  pumps  consisting  of  a 
stainless  steel  sleeve  surrounded  by  a  three-phase  motor  winding.  The 
flux  from  these  coils  created  a  motor  force  on  the  NaK  when  current 
was  passed  through  the  windings  perpendicular  to  the  desired  path  of 
NaK  circulation.  Flow  rate  was  adjusted  by  varying  the  voltage  sup¬ 
plied  to  the  motor  windings.  In  1958  new  self-priming  centrifugal  pumps 
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were  installed  to  provide  a  higher  pumping  rate.  The  new  pumps  are 
driven  directly  by  a  3/4-hp,  three-phase,  220/440-volt  motor. 

The  d-c  excitation  for  the  unipolar  generator  field  coils  is  supplied 
by  a  15-kw  motor-generator  set  (Fig.  7).  The  induction  motor  is  20  hp, 
440  V,  and  three-phase.  The  generator  is  directly  coupled  to  the  motor 
and  has  a  variac  connected  in  its  own  field  circuit  to  vary  the  open  cir¬ 
cuit  voltage  from  0  to  150  v. 

The  generator  and  flywheel  bearings  are  lubricated  by  a  system 
which  includes  three  oil  pumps.  An  electrically  driven  pump  is  used 
as  a  lift  pump  during  the  initial  starting  process.  A  475-psi  pressure 
is  attained  against  the  flywheel  shaft.  This  provides  a  lift  of  less  than 
one  mil,  but  this  oil  is  sufficient  to  lubricate  the  bottom  of  the  shaft. 

Another  pump  is  considered  to  be  the  main  oil  pump.  It  is  driven 
by  a  1/2  hp,  440  v,  three-phase  motor  and  puts  out  18  psi  into  a  1  l/4-in. 
header.  Taps  are  made  through  1/4-in.  throttling  valves  to  the  four 
bearings.  The  third  pump  is  belt-driven  from  the  flywheel  shaft.  The 
system  is  designed  so  that  through  a  pressure  regulator  both  pumping 
systems  are  normally  operating  in  parallel.  The  belt -driven  pump  will 
not  maintain  pressure  below  400  rpm.  A  gravity  feed  system  has  also 
been  provided  to  cover  the  speed  range  from  400  rpm  to  zero  speed  in 
case  of  a  power  failure. 

A  single -pass,  oil -to- water  cooler  is  located  in  the  oil  feed  line 
to  the  bearings.  Temperature  bulbs  in  the  flywheel  bearing  return  lines 
monitor  the  oil  temperature  and  give  a  visual  warning  on  the  control 
panel.  The  temperature  bulbs  are  set  for  ISO^F. 


4.2  DRIVE  MOTOR 

The  prime  mover  for  the  unipolar  generator  and  flywheel  is  a 
3570-rpm,  250-hp,  440  v,  three-phase,  60-cycle,  a-c,  squirrel  cage, 
induction  motor  (Fig.  8).  The  full  load  motor  current  is  287  amperes. 
The  motor  is  of  open-frame  construction  and  is  started  across -the-line. 
The  control  equipment  used  is  a  400-ampere,  manual -closed,  air  cir¬ 
cuit  bresiker  with  115-percent  overload  protection  and  a  size  6  contactor. 
The  control  of  the  contactor  is  125  v,  d-c,  supplied  by  a  selenium  recti¬ 
fier.  The  contactor  is  closed  remotely  from  the  main  control  panel. 

A  400 -ampere,  three-pole,  double  throw,  manual  switch  is  installed 
between  the  circuit  bresiker  and  contactor  for  reversing  the  motor 
(Fig.  7).  A  brsiking  action  is  obtained  by  reversing  the  motor  and  ener¬ 
gizing  the  magnetic  clutch. 
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4.3  MAGNETIC  CLUTCH 

The  clutch  device  used  between  the  drive  motor  and  the  generator  is 
a  water-cooled,  magnetic  coupling  rated  at  250-hp  with  220  v,  d-c,  ex¬ 
citation  coils  (Fig.  8).  The  principle  of  operation  is  similar  to  a  motor 
action.  The  drive  motor  end  is  fastened  to  a  thin  drum  about  1/ 16-in. 
thick,  and  the  generator  end,  to  a  heavy,  corrugated  casting.  The  clear¬ 
ance  between  the  rotating  and  stationary  parts  is  0.  020  in.  nominal. 
Rotation  of  the  drum  in  the  magnetic  field  produced  by  the  coils  wound 
in  the  stator  causes  eddy  currents  in  the  drum.  The  added  flux  lines 
from  the  eddy  currents  are  used  to  pull  the  generator  casting,  thereby 
rotating  the  generator.  The  coupling  excitation  is  raised  slowly,  and 
the  generator  is  accelerated  to  full  speed.  The  slip  in  the  magnetic 
coupling  at  full  speed  is  20  rpm. 


4.4  FLYWHEEL 

The  variable,  energy-storage  flywheel  (Fig.  9)  was  added  to  in¬ 
crease  the  rotational  kinetic  energy  storage  from  1.3  x  lo"^  to 
4.  6  X  107  joules.  The  flywheel  consists  of  five  equal  segments  of  stored 
energy,  i.  e.  ,  a  shaft  plus  four  removable  disks.  This  arrangement 
makes  it  possible  for  the  power  supply  to  be  operated  in  six  separate 
energy  steps:  (1)  the  unipolar  generator  alone,  (2)  the  generator  plus 
the  flywheel  shaft,  (3  to  6)  the  generator  and  shaft  plus  1  to  4  disks. 

4.5  SHEAR.PIN  COUPLING 

A  shear-pin  coupling  (Fig.  9)  was  placed  between  the  generator 
and  flywheel  to  protect  the  generator  from  severe  short  circuits.  The 
shear  pins  are  designed  to  break  if  the  decelerating  torque  exceeds 
20,  000  Ib-ft,  thus  removing  the  energy  of  the  flywheel  from  the  gen¬ 
erator,  minimizing  damage.  The  coupling  is  designed  so  that  upon 
breaking  the  shear  pins,  springs  pull  the  coupling  plates  apart  and  the 
two  shaft  sections  are  separated. 


4.6  INDUCTION  COIL 

The  coil  (Fig.  10)  has  an  air  core  and  is  wound  with  36  parallel 
850 -mcm  cables.  Each  cable  is  fiolly  transposed  to  make  all  cables 
the  same  length.  Each  cable  is  insialated  for  15  kv.  Ceramic  spacers 
support  the  layers  of  cables,  and  18-kv  pedestal -type  insulators  support 
the  whole  coil.  The  terminals  are  brought  out  at  the  top  and  bottom 


6 


AEDC.TDR.62.137 


of  the  coil.  The  coil  is  8  ft  in  diameter  by  10  ft  high,  weighs  40,  000  lb, 
and  has  an  inductance  of  340  x  10“6  henries  and  a  resistance  of 
135  X  10"6  ohms.  It  is  designed  to  carry  300,000  amperes  and  store 
1.  53  X  lO”^  joviles. 


4.7  CHARGE  LOOP  SWITCH,  S-l 

A  switch  is  required  in  the  charge  loop  of  the  bus  to  open  under 
load  and  extinguish  the  resulting  arc  (transferring  the  current  into 
the  discharge  loop)  and  to  cany  the  slow  build-up  current  to  the  coil. 

This  switch,  S-l,  is  in  parallel  with  the  arc  chamber.  At  the 
present  time  a  stripped  version  of  a  14.  4-kv,  4000-ampere,  three- 
phase,  air  blast  breaker  (Fig.  11)  with  modified  arcing  contacts 
(Fig.  12)  has  proved  capable  of  handling  currents  of  176,  000  amperes 
with  a  minimum  of  trouble.  It  has  dissipated  the  total  stored  energy 
of  the  coil  when  the  discharge  circuit  malfunctioned  with  only  minor 
damage. 


4.8  DISCHARGE  LOOP  SWITCH,  S.2 

S-2  is  a  switch  which  was  designed  and  fabricated  locally  to  transfer 
the  charge  loop  current  into  the  discharge  loop.  Investigation  of  the 
requirements  proved  that  there  were  no  commercially  available  switches 
for  this  purpose.  The  switch  consists  of  an  air-operated  piston,  copper 
bars,  and  insulators  (Fig.  13).  Early  attempts  to  operate  the  discharge 
loop  in  parallel  with  S-l  during  the  charge  cycle  caused  excessive  heat¬ 
ing  of  the  arc  chamber  electrodes.  The  installation  of  S-2  allows  the 
required  heat  capacity  of  the  electrodes  to  be  quite  low,  easing  the 
design  requirements  of  the  high  pressure  arc  chamber. 


4.9  SHORTING  SWITCH 

A  shorting  switch  (Fig.  14)  has  been  fabricated  and  installed  in 
parallel  with  the  arc  chamber  electrodes  to  extinguish  the  arc  at  a 
predetermined  time. 

The  switch  consists  of  an  angle  and  channel  steel  frame.  A  6-in. 
air  cylinder  is  mounted  on  the  frame,  and  the  rod  is  fastened  through 
an  insulator  to  a  copper  plate.  The  copper  plate  has  two  "G-14" 
tungsten  alloy  bars  silver -soldered  to  the  plate  to  serve  as  contacts. 
Matching  contacts  are  provided  on  the  stationary  bus  work  on  the 
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positive  and  negative  buses.  The  switch  uses  a  fulcrum  and  lever  arm 
principle  to  hold  the  movable  parts  prior  to  operation.  The  lever  arm 
is  attached  to  a  fuse  wire  which  is  blown  by  current  in  a  secondary 
loop  wrapped  around  the  large  energy  storage  coil.  When  the  switch 
is  set  up  for  a  test,  the  fuse  wire  is  installed  with  the  air  cylinder 
and  movable  contact  de-energized;  then  pressure  is  admitted  to  the 
air  cylinder.  When  the  fuse  wire  blows,  releasing  the  lever  arm,  the 
piston  pushes  the  copper  plate  into  the  stationary  bus. 

The  control  of  timing  is  accomplished  by  varying  the  gap  and  by 
changing  the  pressure.  With  this  switch  arc  times  may  be  varied 
from  5  to  15  milliseconds. 

The  shorting  switch  closes  in  on  approximately  100,000  amperes 
and  returns  the  system  into  a  closed-loop  condition.  The  current 
requires  from  six  to  eight  seconds  to  decrease  to  zero. 


4.10  BUS  WORK 

The  bus  work  (Fig.  15)  was  locally  fabricated  to  have  14  percent 
of  the  total  charge  loop  resistance.  Whenever  possible,  coaxial  or 
low  inductive  bus  was  used  to  minimize  the  forces  on  the  bus.  The  bus 
was  designed  so  that  its  inductance  would  be  mutually  coupled  addition¬ 
ally  to  that  of  the  coil  so  as  not  to  decrease  the  energy  storage  available. 
This  effect  is  five  percent  of  the  total  inductance  or  17  microhenries. 


4.11  NITROGEN  SYSTEM 

A  nitrogen  system  is  furnished  to  supply  a  continuous  flow  of  nitro¬ 
gen  into  the  unipolar  generator.  The  nitrogen  provides  an  inert  atmos¬ 
phere  to  prevent  oxidation  of  the  liquid  metal  NaK  in  the  generator. 

The  system  is  fed  through  a  pipe  line  from  a  central  storage  sys¬ 
tem  at  2000  psi.  A  check  valve  is  installed  in  the  line  before  it  ties 
into  a  ten-bottle  manifold  system.  The  manifold  system  may  be 
separated  into  a  six-bottle  and  a  four-bottle  bank.  A  separate  flow 
regulator  with  a  maximum  flow  of  40  CFH  is  used  from  each  bank  to 
the  generator.  A  pressure  switch  arrangement  opens. the  line  to  the 
six-bottle  bank  and  holds  the  four-bottle  bank  in  reserve.  At  300  psi 
the  pressure  switch  operates  and  places  the  four-bottle  bank  in  service. 
Indicating  pilot  lights  monitor  the  two  systems. 
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4.12  NaK  BUBBLER 

A  taxik  has  been  installed  in  the  nitrogen  line  to  the  generator.  The 
tank  has  a  quantity  of  NaK  in  the  bottom  and  a  filter  near  the  top.  The 
inlet  nitrogen  line  extends  into  the  tank  and  terminates  below  the  sur¬ 
face  of  the  NaK.  The  nitrogen  bubbles  through  the  NaK  and  up  through 
the  filter  which  removes  any  NaK  particles  picked  up  by  the  nitrogen. 
An  outlet  line  leaves  the  bubbler  tank  and  continues  to  the  generator. 

The  purpose  for  this  equipment  is  to  remove  any  impurities  such 
as  moisture  or  oxygen  which  are  mixed  with  the  nitrogen. 

The  bubbler  gradually  accumulates  oxide  and  is  drained,  cleaned, 
and  refilled  with  fresh  NaK, 


5.0  INSTRUMENTATION 


The  instrumentation  is  divided  into  two  basic  classes.  These  are 
the  instruments  normally  associated  with  rotating  machines  and  those 
especially  developed  for  monitoring  the  energy  pulse. 

The  conventional  instrumentation  includes: 

(1)  exciter  voltage, 

(2)  generator  voltage, 

(3)  generator  rpm, 

(4)  coupling  cooling  water  temperature, 

(5)  NaK  temperature,  and 

(6)  drive  motor  current. 

The  pvilse  instrumentation  is  continually  under  development.  The 
high  magnetic  field  level  and  the  electrical  noise  during  arc  discharge 
makes  improvement  quite  difficult.  The  principal  units  now  being 
used  are: 

1.  The  coil  voltage  is  recorded  on  a  recording  oscillograph  to 
indicate  power  supply  performance  and  to  determine  timing  of  the  arc 
discharge.  The  trace  also  indicates  peak  voltage  which  is  of  interest 
from  the  insulation  requirements.  The  rapid  rise  of  coil  voltage  is 
also  used  as  a  timing  signal  for  tunnel  instrumentation. 
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2.  The  arc  voltage  is  recorded  similarly  to  the  coil  voltage.  Two 
sensitivities  axe  used  for  measuring  this  item.  The  more  sensitive 
voltage  trace  is  used  for  determining  timing  and  arc  initiation  accurately. 
The  less  sensitive  arc  voltage  trace  is  used  to  interpret  the  performance 
and  to  calculate  arc  resistance,  power  input,  and  energy  delivered. 

3.  Inductive  loops  are  placed  around  different  sections  of  the  bus 
and  around  the  coil  to  study  switching  and  timing.  These  loops  give 

the  di/ dt  of  the  current  under  study,  and  these  signals  are  also  recorded 
on  the  high  speed  recorder. 

4.  The  pressure  in  the  arc  chamber  is  measured  by  two  pressure 
transducers  and  is  recorded  on  a  high  speed  oscillograph  through  a 
carrier  amplifier  with  appropriate  circuitry.  This  measurement  is 

of  primary  concern  to  the  tunnel  data  but  also  gives  useful  informa¬ 
tion  to  the  power  supply  in  determining  energy  transfer,  efficiency, 
grounding,  or  faults . 

5.  Generator  current  is  measured  by  a  circuit  employing  a  Hall 
Effect  Generator.  This  circuit  has  a  linearity  that  is  well  within  the 
two-percent  accuracy  of  the  high  speed  oscillograph  on  which  its  out¬ 
put  is  recorded.  Circuits  have  been  developed  and  are  now  undergoing 
calibration  for  measuring  the  power  input  and  energy  input  to  the  arc 
chamber. 

A  recorder,  operating  at  a  speed  of  one  cm/sec,  is  being  used  to 
record  the  generator  speed,  voltage,  and  current  during  the  charge 
cycle.  This  recorder  is  located  in  the  control  room  and  is  monitored 
while  the  generator  is  operating.  This  recorder  indicates  generator 
trouble,  and  the  operator  can  shut  down  the  generator  before  further 
damage  can  occur. 

Future  developments  are  planned  to  use  the  output  of  the  present 
instrumentation  to  calcvilate  instantaneously  the  energy  stored  in  the 
flywheel,  energy  in  the  coil,  the  arc  resistance,  and  the  efficiency 
of  transfer  from  machine  to  coil  and  from  coil  to  the  arc  chamber  gas. 


6.0  MODE  OF  OPERATION 


The  power  supply  may  be  operated  in  two  different  ways.  The 
mode  followed  from  December  1956  until  May  1961  was  as  follows: 

1.  The  charge  loop  switch  S-1  is  closed. 

2.  The  generator  and  flywheel  are  accelerated  to  full  speed. 
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3.  The  exciter  m-g  set  is  started,  and  an  open  circuit  voltage 
is  preset. 

4.  The  exciter  voltage  is  applied  to  the  generator  coils. 

5.  The  voltage  and  current  build  up  in  the  field  coils. 

6.  The  generator  terminal  voltage  builds  up  exponentially, 
and  current  increases  in  the  charge  loop. 

7.  The  generator  voltage  (Vt)  reaches  its  peak  and  starts 
to  reduce  slowly  as  the  rpm  is  falling  off. 

8.  The  current  lags  the  voltage  and  peaks  at  a  later  time. 

9.  At  peak  current  (Imax)  timers  close  S-2,  putting  the 
arc  chamber  in  parallel  with  S-1. 

10.  S-1  opens,  putting  all  the  current  through  the  arc 
chamber  fuse. 

11.  When  the  fuse  blows,  the  coU  voltage  rises  and  the  rapid 
discharge  is  accomplished. 

The  present  mode  of  operation  differs  in  several  respects  from  the 
original  one  and  results  in  better  repeatability. 

This  method  is  as  follows: 

1.  The  generator  and  flywheel  are  brought  up  to  rated  speed. 

2.  Field  excitation  is  applied  to  the  generator,  and  the  generator's 
terminal  open  circuit  voltage  (Vq)  is  set  to  a  predetermined 
value. 

3.  The  charge  loop  switch  S-1  is  closed,  applying  the  inductive 
load  to  the  generator. 

4.  The  current  rises  to  maximum  exponentially,  reaches  peak 
dmax)'  starts  to  decay  (Fig.  3). 

5.  No  steady-state  condition  exists  because  the  speed  of  the 
flywheel  and  generator  decreases  as  they  convert  rotational 
energy  into  electrical  energy. 

The  voltage  falls  off  during  the  charging  cycle  since 

Vo  = 

K  =  constant 

N  =  rpm 

(f>  =  applied  flux 
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The  transfer  to  the  arc  chamber  is  accomplished  as  described 
before. 


6.1  DISCHARGE  SHORTING  SWITCH 

The  discharge  in  the  arc  chamber  must  be  made  in  the  shortest 
time  practical  because  of  the  aerodynamic  considerations.  The  dis¬ 
charge  shorting  switch,  described  in  section  4-9  above,  is  used  for 
that  purpose.  To  obtain  a  given  energy  into  the  gas  in  a  shorter  time, 
it  was  necessary  to  increase  the  initial  current  Iq. 

When  the  shorting  switch  closes  (Fig.  2),  the  arc  goes  out,  and 
the  current  decays  to  zero  at  a  much  slower  rate.  The  remaining  energy 
is  given  up  as  heat  in  the  bus. 


6.2  SYSTEM  GROUNDING 

Initially  the  power  supply  was  operated  ungrounded  or  floating. 

Since  it  was  impossible  at  this  time  to  prevent  grounding  at  least  at  one 
spot,  the  generator  was  left  floating  to  prevent  a  return  path  through 
the  reinforcing  steel,  conduits,  etc.  Occasionally  a  voltage  flashover 
to  ground  occurred  and  in  turn  broke  down  the  insulation  on  the  generator 
or  flywheel  (Fig.  16).  Current  passing  through  the  bearings  caused 
damage  to  the  bearings  and  shaft. 

In  1961  a  decision  was  made  to  properly  insulate  the  high  voltage 
bus  and  ground  one  terminal  of  the  generator.  The  arc  chamber  block 
was  kept  insulated,  and  the  one  electrode  was  tied  to  the  bus  which  was 
grounded.  In  this  manner  only  one  ground  is  on  the  system.  The  part 
of  the  bus  which  is  subjected  to  the  coil  voltage  is  insulated  to  with¬ 
stand  in  excess  of  10  kv. 

A  mechanical  knife  blade  switch  has  been  installed  in  the  ground 
connection  to  permit  the  bus  work  insulation  to  be  checked  for  each  run. 


7.0  CALIBRATION  OF  THE  UNIPOLAR  GENERATOR 


Calibrating  the  generator  is  required  after  each  overhaul  period 
and  periodically  between  overhauls.  There  is  no  way  at  present  of 
setting  a  particular  value  of  current.  The  only  adjustable  variables 
are  excitation  and  time. 
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7.1  SATURATION  CURVE 

The  saturation  curve  for  the  generator  shows  the  variation  of  gen¬ 
erator  terminal  voltage  as  a  function  of  excitation  voltage  or  flux.  This 
can  be  compared  to  the  calculated  curve  and  also  with  previously  ob¬ 
tained  curves  to  show  the  condition  of  the  generator. 

The  values  for  this  curve  are  obtained  by  preventing  the  motor 
from  disconnecting  from  the  generator  after  it  has  reached  fxill  speed. 
The  generator  is  open  circuited,  the  excitation  is  raised,  and  the  gen¬ 
erator  terminal  voltage  is  read  for  various  excitation  levels. 


7.2  OPEN  CIRCUIT  PULSE  TEST 

Several  open  circuit  pulse  tests  are  run  to  test  the  excitation 
system  and  the  generator's  ability  to  generate  voltage.  Any  internal 
insulation  problems  woxild  be  detected  in  this  manner. 

7.3  CLOSED  LOOP  PULSE  TEST 

The  closed  loop  tests  are  the  most  important  tests  to  be  run  with 
the  generator  prior  to  actually  firing  into  the  arc  chamber.  These 
tests  are  made  with  the  charge  loop  switch  S-1  closed  and  S-2  open. 
Pulses  are  made  at  varying  voltages  from  five  volts  up  to  54  volts  at 
the  present  time.  Instrumentation  monitors  the  terminal  Voltage  rise 
and  also  the  current  rise.  When  the  current  reaches  its  maximum, 
di/dt  =  0,  the  coil  voltage  is  measured,  and  the  current  is  calculated  by 
Ohm's  Law,  I  =  V/Rq.  Therefore  the  deflection  of  the  current  meas¬ 
uring  device  can  be  calibrated,  and  also  the  time  from  initiation  of 
the  pulse  to  peak  current  can  be  determined.  This  time  is  used  in 
setting  up  the  automatic  timers  so  that  transfer  into  the  arc  chamber 
occurs  at  peak  current.  With  the  data  points  from  this  series  of  runs, 
the  generator  controls  can  be  set  for  the  desired  level  of  current. 


8.0  MAINTENANCE 


There  is  very  little  maintenance  which  can  be  performed  while 
the  system  is  operating.  The  oil  pumps  run  24  hours  a  day  and  period¬ 
ically  may  wear  out  the  bearings.  There  is  a  spare  pump  which  can 
be  installed  while  a  defective  pump  is  being  repaired.  A  daily  check 
is  made  of  the  insulation  level.  Every  two  months  the  bus  and  bus 
insulators  are  cleaned  with  a  solvent. 
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One  of  the  most  critical  hurdles  in  the  operation  of  an  inductive 
power  supply  is  the  commutation  of  current  from  the  charge  loop  to  the 
discharge  loop.  A  discharge  loop  of  low  resistance  and  inductance  is 
required.  A  high  current  switch  S-1  or  circuit  breaker  must  be  able 
to  withstand  the  forces  during  the  charge  cycle  and  also  be  able  to 
carry  currents  in  excess  of  160,000  amperes.  This  switch  must  open 
under  load  and  interrupt  the  res;ilting  arc  with  only  a  small  percentage 
of  energy  lost.  A  switch  of  this  type  does  not  have  the  advantage  of  an 
a-c  circuit  breaker  which  is  aided  by  current  zero.  A  development  of 
switches  has  taken  place  to  determine  a  suitable  type  (See  Appendix  I). 
The  switch  (S-1)  being  used  at  the  present  time  is  a  14.  4-kv,  4000- 
ampere,  three-pole,  a-c  switch.  This  breaker  uses  an  air  blast  to 
lengthen  and  cool  the  arc  during  interruption.  The  maintenance  on  the 
original  contacts  was  excessive  in  both  time  and  cost.  The  male  and 
female  contacts  experienced  burning  which  eroded  the  contact  areas. 
The  male  contacts  were  furnished  with  a  small  tip  of  tungsten.  Be¬ 
cause  of  the  higher  currents  used  in  this  service,  the  arc  would  leave 
the  small  piece  of  tungsten  and  travel  to  the  unprotected  copper  alloy 
portions.  The  male  contact  was  also  tapered  to  act  as  a  wedge  into 
the  female  contact.  This  resulted  in  only  a  line  contact  area  on  the 
sides.  As  the  breaker  started  to  open,  arcing  was  experienced  in  the 
gap  portion  between  the  male  and  female  parts.  It  became  necessary 
to  rebuild  the  contacts  after  every  three  runs.  This  was  accomplished 
by  brazing  the  damaged  areas  and  attempting  to  reshape  them  on  a 
milling  machine. 

A  modification  to  reduce  the  maintenance  was  performed  (Fig.  12). 
Tungsten  alloy  inserts  were  installed  to  cover  over  twice  the  area  of 
the  original  tungsten  piece.  The  male  contact  was  built  up  to  avoid 
the  taper.  In  this  way  the  contact  area  and  the  wiping  action  on  inter¬ 
ruption  were  increased.  Little  internal  arcing  occurs  to  the  female 
contact.  The  arc  stays  on  the  G-14  tungsten  as  the  arc  is  pulled,  and 
only  minor  damage  occurs.  Replacement  rates  on  the  modified  con¬ 
tacts  are  1  in  40  runs.  The  contacts  can  be  rebuilt  and  reused. 


9.0  OVERHAUL 


Experience  has  proven  that  an  overhaul  of  the  unipolar  generator 
is  desired  every  six  to  eight  months  in  normal  use. 
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9.1  NaK  HANDLING 

Removing  the  NaK  from  the  generator  requires  careful  planning. 
The  craftsman  wears  a  hood  with  a  plexiglass  face  shield,  a  waist  ‘ 
length  jacket,  and  long  pants  made  of  chrome  leather  and  elbow  length 
gloves  and  leggings  to  prevent  any  exposure. 

NaK  transfer  tanks  are  provided  to  take  the  NaK  as  it  is  drained 
from  the  generator  (Fig.  17).  The  tanks  are  dried  and  cleaned;  nitro¬ 
gen  is  used  to  purge  the  tanks.  A  small  amount  of  mineral  oil  is 
poured  into  the  tanks  to  help  prevent  air  contacting  the  NaK  during 
transfer. 

The  tanks  have  an  opening  on  top  with  a  cover  which  is  removed 
during  transfer  of  NaK.  A  valve  admits  nitrogen,  and  a  gage  regu¬ 
lates  the  pressure.  A  drain  valve  is  located  on  one  end.  Copper  tub¬ 
ing  is  connected  to  the  valve  on  the  bottom  of  the  NaK  sump  tanks  and 
inserted  through  the  opening  into  the  transfer  tank.  This  tubing  is 
also  held  into  the  mineral  oil.  The  sump  tank  valve  is  opened,  and  the 
NaK  drains  by  gravity.  The  mineral  oil  floating  on  the  NaK  provides  a 
seal.  When  the  NaK  has  drained,  the  tubing  is  removed,  the  cover  is 
replaced,  and  seven  pounds  of  nitrogen  pressure  are  sealed  into  the 
transfer  tanks.  The  tanks  may  be  stored  temporarily  or  the  NaK  can 
be  burned. 

A  small  amount  of  NaK  and  NaK  oxide  remains  in  the  generator 
and  piping.  The  piping  is  dropped  into  a  large  tank  of  water,  and  the 
resulting  reaction  cleans  the  pipe  thoroughly.  The  water  becomes  a 
dilute  solution  of  sodium  hydroxide,  which  is  a  caustic,  and  care  must 
be  taken  in  removing  the  piping  from  the  tank.  A  good  rinsing  will  re¬ 
move  the  hydroxide,  and  then  the  pipe  is  dried,  preferably  in  an  oven, 
and  is  then  ready  for  installation. 

The  generator  is  then  disassembled,  and  the  rotor  is  removed. 

The  stator  must  now  be  cleaned  to  remove  the  remaining  NaK  and 
NaK  oxide  that  coats  the  inner  passages.  The  firemen  spray  water 
into  all  the  openings  until  all  traces  of  the  NaK  are  removed.  This  is 
a  very  violent  cleaning  job,  and  safety  procedures  are  followed  to  pro¬ 
tect  personnel  and  equipment  in  the  immediate  area.  Large  volumes 
of  toxic  smoke  and  flame  result  when  the  water  reacts  with  NaK.  The 
stator  is  next  cleaned  and  then  baked  in  an  oven  at  210°F  for  16  hours 
to  remove  the  moisture  and  to  obtain  the  necessary  insulation  values. 
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9.2  REASSEMBLY 

Reassembly  of  the  generator  involves  no  safety  hazards.  The  prime 
cohsideration  is  insuring  that  clearances  are  maintained,  and  the  insula¬ 
tion  is  good.  A  100 -volt  megger  is  used  at  each  step.  After  the  genera¬ 
tor  assembly  is  completed,  it  must  be  aligned  and  balanced  in  the  drive 
group.  At  this  time  the  new  NaK  is  put  in,  and  the  generator  is  ready 
for  calibration. 


9.3  NaK  OXIDATION 

Before  putting  NaK  into  the  generator,  nitrogen  is  forced  into  all 
passages  and  allowed  to  escape  through  open  ports.  This  purging  is 
designed  to  replace  all  air  trapped  in  the  generator  with  dry  inert  nitro¬ 
gen.  NaK  will  oxidize  easily  with  even  a  small  percentage  of  air  in  the 
system.  Oxidation  of  the  NaK  is  harmful  because  it 

(1)  clogs  passageways  and  restricts  NaK  flow,  and- it 

(2)  becomes  a  contaminant  and  changes  the  characteristics 
of  the  NaK. 

The  oxide  is  finally  deposited  in  the  sump  tanks.  Its  appearance  is 
grey  to  black.  Usually  an  amount  of  nitrogen  is  trapped  in  the  pile  which 
helps  to  make  the  substance  light  enough  to  float.  Gradually  the  oxide 
will  also  accumulate  in  the  pipes  and  fittings  until  adequate  flow  of  NaK 
to  the  collectors  is  no  longer  possible.  An  overhaul  is  required  to  clean 
the  system. 

All  piping  must  be  tight  to  prevent  loss  of  nitrogen  and  also  inleak¬ 
age  of  air.  Tapered  tubing  fittings  have  been  used  with  a  pipe  sealer. 

The  nitrogen  use  rate  is  monitored  daily  to  detect  any  leaks. 


10.0  RESULTS 


The  power  supply  has  been  operated  since  December  22,  1956,  to 
drive  either  the  50-in.  Hypervelocity  Tunnel  (HS-2)  or  the  electric  gun. 
A  resume  of  the  performance  is  as  follows: 

1.  Over  1200  runs  have  been  made,  not  counting  numerous 
calibration  operations. 

2.  The  maximum  current  to  date  is  176,  000  amperes. 
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3.  The  maximum  stored  energy  is  4.46  x  10®  joules. 

4.  The  nominal  arc  chamber  voltage  is  2500  to  3000  volts. 

5.  The  nominal  arc  resistance  is  0.  02  ohms. 

6.  Maximum  insulation  level  at  present  is  10,  000  volts. 

To  accomplish  these  results,  several  significant  components  have 
been  under  continual  development.  The  more  important  of  these  have 
been  NaK  collector  design,  circuit  breaker  pole  design,  switching 
techniques,  insulation  improvements,  and  arc  chamber  design. 


11.0  CONCLUDING  REMARKS 


Inductive  power  supplies  can  be  adapted  to  drive  hotshot  tunnels  at 
substantial  savings  in  installed  cost  for  large  amounts  of  stored  energy 
However,  fairly  long  arc  durations,  caused  by  the  low  values  of  arc 
impedance  are  characteristic.  The  discharge  time  can  be  controlled 
by  the  addition  of  an  arc  shorting  switch.  By  presetting  the  mechanical 
timing  it  is  possible  to  extinguish  the  arc  at  a  desired  time  from  five 
milliseconds  and  up.  The  load  demands  are  so  small  that  this  type  of 
supply  can  be  built  almost  anywhere  without  considering  the  power  sys¬ 
tem  capacity,  power  schedules,  or  other  limits  normally  encountered 
in  locating  large  testing  facilities. 
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Hotshot  2  power  supply  has  gone  through  numerous  component 
changes  since  its  initial  operation  in  October  1956  because  of  various 
delays  in  procuring  the  various  system  components,  inadequacies  which 
were  discovered  in  operation,  and  the  urgency  to  have  an  operating  tun¬ 
nel  at  the  earliest  possible  date  (Figs.  18  and  19). 

Some  of  the  major  items  of  interest  in  the  development  are  listed 
with  a  short  discussion  of  each. 


COILS 

Two  temporary  storage  coils  (Fig.  20)  were  made  to  begin  opera¬ 
tion.  They  had  an  inductance  of  approximately  406  microhenries  and 
were  cast  in  concrete.  These  were  replaced  by  the  present  permanent 
coil  having  an  inductance  of  340  microhenries  with  an  additional 
30  microhenries  in  the  generator  and  bus. 


FLYWHEEL 

The  sectionalized  flywheel  as  furnished  had  a  very  high  noise  level 
at  the  higher  speeds,  which  was  caused  by  protruding  assembly  bolt 
heads  and  handling  holes  drilled  into  the  wheels .  The  bolt  heads  were 
countersunk,  and  the  handling  holes  were  plugged,  greatly  reducing  the 
noise  level.  Modifications  to  the  pedestal  were  made  to  increase  the 
insulation  level  to  8000  volts . 


BUS 


A  bus  of  suitable  cross  section,  adequately  braced,  was  installed  to 
accommodate  the  maximum  anticipated  current  capability  of  the  power 
supply  which  is  300,  000  amp.  The  inductance  of  this  circuit  was  designed 
to  be  additive  to  that  of  the  coil  to  increase  the  storage  capability.  The 
discharge  portion  of  the  bus  is  coaxial  to  minimize  forces  due  to  very 
high  currents.  Because  of  insufficient  information  regarding  the  switch¬ 
ing  capabilities  of  commercial  circuit  breakers  for  this  unusual  type  of 
operation,  the  discharge  bus  impedance  proved  to  be  excessive.  The 
excessive  impedance  caused  circuit  breaker  damage.  This  situation  was 
improved  during  the  April  1959,  generator  shutdown. 
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MAGNETIC  CLUTCH 

The  initial  magnetic  clutch  furnished  with  the  power  supply  was 
sized  for  the  unipolar  generator  alone.  Because  of  several  failures  with 
this  clutch  and  the  addition  of  the  flywheel,  a  larger  unit  was  obtained, 
installed,  and  operated  successfully.  To  furnish  adequate  cooling  for 
the  new  clutch,  a  booster  pump  was  incorporated  in  the  water  system. 

Since  the  coasting  down  time  of  the  power  supply  was  in  excess  of 
one  hour,  a  procedure  with  associated  equipment  for  reversing  and 
braking  with  the  drive  motor  was  incorporated.  Braking  time  was  re¬ 
duced  to  1 1  minutes  with  maximum  flywheel  load. 


INSULATION 

During  the  initial  stages  of  the  50-in.  Hypervelocity  Tunnel  (HS-2) 
operation,  the  generator  (although  insulated  for  600  volts  to  ground)  and 
the  flywheel  were  essentially  grounded.  The  arc  chamber  was  adequately 
insulated  from  ground.  However,  during  high  vacuum  (1  M  Hg  up  to 
100  jU  Hg)  operation,  the  insulation  between  the  arc  chamber  and  the  tun¬ 
nel  broke  down  because  of  surface  creepage;  thus,  one  good  grovind  was 
present,  and  low  insulation  existed  at  the  generator.  During  the  arc 
discharge,  high  voltage  would  jump  the  generator  insulation,  providing 
a  completed  ground  path.  This  path  was  capable  of  extensive  damage  to 
the  system  components  such  as  welding  of  the  arc  chamber,  bearings, 
hold-down  bolts,  and  occasionally  the  power  supply  instrumentation. 
Attempts  were  made  to  increase  the  insulation  values  to  prevent  this 
damage.  The  upper  limit  was  5000  volts  on  the  generator  unless  drastic 
and  expensive  modifications  were  made  (Fig.  16). 

Several  studies  were  made  of  this  situation,  and  it  was  decided  to 
ground  the  arc  chamber  and  the  generator  negative  terminal  and  housing; 
thus  the  need  for  insulation  was  eliminated.  The  high  voltage  can  now 
appear  only  between  one  terminal  of  the  energy  storage  coil  and  the  arc 
chamber  positive  terminal.  This  portion  of  the  bus  has  been  insulated 
for  10  to  20  kv. 


CURRENT  SOURCE 

Early  in  the  history  of  the  power  supply  development,  the  main  cur¬ 
rent  source  was  derived  from  a  temporary  selenium  rectifier  bank 
(Fig.  20).  A  maximum  current  of  40,  000  amp,  obtainable  from  this 
system,  was  far  below  the  projected  requirements  for  the  50-in.  Hyper¬ 
velocity  Tunnel.  It  did  provide  valuable  experience  in  developing  tech¬ 
niques  for  switching,  timing,  fusing  and  for  general  familiarization  with 
inductive  power  supplies. 
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UNIPOLAR  GENERATOR 

The  high-current,  low-voltage,  unipolar  generator  required  con¬ 
siderable  development  to  reach  its  present  capacity  of  176,  000  amperes 
actual,  but  predicted,  capacity  of  250,  000  amperes.  The  principal 
modifications  required  were  two  redesigns  of  the  current  collector  rings 
that  contain  the  NaK  (Fig.  21).  Additional  modifications  were  made  to 
the  NaK  and  nitrogen  piping  to  simplify  assembly  and  disassembly  during 
the  required  periodic  overhaiils  for  cleaning  and  inspecting  the  generator. 


TRANSFER  SWITCHES 

A  number  of  transfer  switches  were  used  during  the  course  of  the 
power  supply  development.  In  chronological  order,  these  were: 

1.  600  amp,  600  v,  a-c 

2.  1200  amp,  15  kv,  a-c,  magneblast 

3.  10,  000  amp,  750  v,  d-c  (Fig.  22) 

4.  4,  000  amp,  15  kv,  a-c,  airblast  (Fig.  11) 

The  breaker  (4),  after  arc  contact  modification  (Fig.  12),  was  found 
to  perform  satisfactorily  up  to  the  present  current  level. 


POWER  SUPPLY  OPERATION 

The  evolution  of  the  power  supply  is  shown  schematically  in  Fig.  18. 
These  circuits  and  components  were  actually  installed  and  used.  External 
fuses  across  the  load  were  used  in  an  effort  to  increase  the  performance 
of  the  available  switches.  No  particular  conclusions  were  drawn  as  to 
their  ultimate  performance  since  the  modified  type  breaker  and  lower 
impedance  discharge  bus  are  presently  satisfactory.  Further  increases 
in  current  levels  may  require  additional  work  in  this  area. 


TIMING  STUDIES 

During  the  various  stages  of  development  of  the  power  supply  cir¬ 
cuitry,  a  number  of  timing  studies  were  made.  These  studies  included 
determination  of  the  following  times: 

1.  current  buildup 

2.  commutation 

3.  switch  operation 

4.  fuse  breakdown  and 

5.  arc  duration. 


21 


Current,  amperes 


Time,  seconds 


Fig.  1  Curve  of  Buildup  and  Decay  of  Cui 


9  9.005  9.01  9.015 


milliseconds 


M 


Transfer  from 
Charge  Loop  to 


AEDC.TDR.62.137 


-DRIVE  - DYNAMATIC 

MOTOR  COUPLING 


Drive  Unit 


AEDC-TDR. 62-137 


STEEL  STATOR 
RINGS-i - 


AEDC-TDR. 62-137 


AEDC.TDR-62.137 


Fig.  7  M-G  Exciter  and  Electrical  Equipment 
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Fig.  8  Drive  Motor  and  Magnetic  Clutch 
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Fig.  9  Flywheel  and  Koppers  Shear-Pin  Coupling 


31 


■mrowc 


A  E  D  C 
11024-U 


Fig.  10  Magnetic  Energy  Storage  Coil 
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Fig.  18  Schematics  of  Circuits  Used  in  50”  Hypervelocity  Tunnel  Development 
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Fig.  19  Resume'  of  Performance  of  Stages  of  50”  Hypervelocity  Tunnel  Development 
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